bound ring, forming a new folding-active complex (Fig- 
To validate our microscopy and single particle image processing methods, we determined the structure of ring. The available low-resolution cryo-EM images have suggested that the apical domains in a GroEL-ATP comunliganded GroEL and compared it to the known crystal structure. The resulting GroEL density map is shown in plex move partway toward the GroES-bound state (Roseman et al., 1996) , but the details and mechanisms Figure 2a . The isolated domains were docked separately as rigid bodies into each ring of the EM density map of these movements are unclear. Moreover, the nature of the contacts mediating the cooperative action within using the program DockEM (Roseman, 2000) , which provided an excellent fit. The map resolution was 10.8 Å at and between GroEL rings remains obscure.
To further probe the conformational changes proa Fourier shell correlation of 0.5 and 7.9 Å at the 3 cutoff. The resolution curve is available in Supplemental moted by ATP binding to GroEL, we have examined the structure of an ATPase mutant of the chaperonin, Figure S1a at http://www.cell.com/cgi/content/full/108/ 1/869/DC1. GroEL(D398A) complexed with ATP (corresponding to Figure 1b) , at a resolution extending to 10 Å . Fitting the Although GroEL has a relatively weak ATPase activity, mixing and freezing a sample for cryo-EM takes several subunit domains en bloc into this cryo-EM structure shows that ATP binding changes the pattern of interacseconds, allowing significant ATP turnover before vitrification. A structure determined from the resulting mixture tions throughout the double ring structure. A 20Њ down- of GroEL-ATP and GroEL-ADP complexes describes the the defect in D398A is solely in catalysis of ATP hydrolysis, and that the mutant chaperonin can undergo the ensemble of structures present in solution, but the mixture of states limits resolution (Roseman et al., 2001) . full range of allosteric rearrangements induced by ATP binding in the wild-type chaperonin. In the present work, we used a mutant GroEL with compromised ATPase activity to prevent ATP turnover beThe structure of GroEL(D398A) in the presence of 250 M ATP is shown in Figure 2b . The resolution is 14.9 Å at fore freezing. As shown previously, the D398A mutation in GroEL reduces the ATPase activity to ‫%2ف‬ of wild-0.5 correlation, and 9.7 Å at the 3 cutoff (Supplemental Figure S1b) protein and GroES from the previous folding-active chamber on the opposite ring.
Rubisco Binding
GroEL-Rubisco binary complex was prepared by diluting 9 M aciddenatured, fluorescein-labeled Rubisco 10-fold into buffer con- 2 ), and digitised using a Z/I Imaging Photoscan-TD scanning microdensitometer. Magnification calibration parameters were used for each microscope to correct the final Fitting of Atomic Coordinates into EM Maps specimen sampling for each dataset (see Supplemental Table S1 Initial fits of the GroEL subunit domains were generated by manually at http://www.cell.com/cgi/content/full/108/1/869/DC1).
Conclusions
placing the atomic coordinates of the GroEL-ATP␥S structure Micrograph defocus and astigmatism were determined using the (Boisvert et al., 1996; pdb code 1DER) into the electron density program CTFFIND2 (provided by Nikolaus Grigorieff and now distribusing the program O (Jones et al., 1991) . The fitted atomic coordiuted with the MRC suite of programs [Crowther et al., 1996] ). Micronates were converted into density maps, and all maps were Fourier graphs showing significant drift or astigmatism were discarded. All filtered to 10 Å using a square cutoff filter. The orientations of the micrographs were assumed to be of untilted areas. All particles manual fits were then refined using the program DockEM (Roseman, recognizable as chaperonin side views and not in contact with other 2000), which maximises local correlation between the search object particles were interactively selected using the program Ximdisp density and the electron density of the GroEL map. The highest (Crowther et al., 1996) . For details of the number of particles and ranking fit was selected in all cases. the defocus range in each dataset, see Supplemental Table S1 . Particles were then extracted into 160 ϫ 160 boxes, band-pass Acknowledgments filtered between 250 and 4 Å , and normalised to a constant mean and standard deviation using SPIDER (Frank et al., 1996).
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